ABSTRACT Previously, the size and stoichiometry of mixed micelles of perdeuterated dodecylphosphocholine and melittin were characterized and the 'H NMR spin systems of most amino acid residues of micelle-bound melittin identified. One-and two-dimensional 'H-'H Overhauser experiments have now been used to obtain qualitative information on intramolecular proton-proton distances. These data show that the N-terminal and the C-terminal segments of melittin form two spatially distinct, compact domains; using lipid spin labels these could be located near the micelle surface. For the C-terminal domain a detailed conformation was determined by using the distance contraints from the Overhauser studies as input for a distance geometry algorithm.
INTRODUCTION
Since the introduction of the fluid mosaic model of membrane organization (1) , impressive progress has been made in elucidating the topological implications of this model. For both the protein and the lipid components of membranes, considerable information on the distribution and mobility in both transmembrane and lateral directions has been obtained (e.g., 2, 3) and some of the mechanisms involved in establishment and maintenance of membrane topology have been elucidated (e.g., 4). When one turns from these topological characteristics to structural features on the molecular level, present understanding is much less complete. Although general principles of lipid organization have emerged (e.g., 5), information on conformations of membrane-bound polypeptides and proteins is still rather scarce. Furthermore, research into the structural basis of protein-lipid interactions has concentrated almost exclusively on the lipid components (e.g., 5, 6) .
From the experience gained with water-soluble proteins, single crystal x-ray studies and high resolution nuclear magnetic resonance (NMR) would be the techniques of choice for obtaining detailed conformational information for polypetide chains associated with lipids. However, fundamental and practical difficulties have so far prevented extensive application to membrane proteins.
It appeared therefore of interest to use suitable model systems to obtain detailed, many-parameter information on lipid-bound polypeptides. We have shown that highresolution 'H NMR spectra can be obtained for polypeptide chains bound to perdeuterated micellar lipids or detergents (7) and evidence was obtained that similar conformations prevailed for polypeptides bound to such micelles and to lipid bilayers in vesicles (8, 9) . Various physicochemical methods have been used to characterize size and stoichiometry of mixed micelles formed from perdeuterated lipid and melittin (8) or glucagon (9) . 'H NMR techniques were developed to outline the global features of the conformations of micelle-bound polypeptide chains (9, 10) and, combined with a suitable distance geometry algorithm for the structural analysis of the spectral data, to determine in detail the spatial structures for distinct segments of the polypeptides (1 1). Finally, to characterize further the assembly of lipid and polypeptide molecules in the mixed micelles and to investigate the location of the polypeptide relative to the micelle surface, we introduced lipid spin labels into the micelles and measured the electron paramagnetic resonance (EPR) spectra as well as the effects of the spin labels on the NMR spectra (12) .
The present paper reports on the conformation of melittin bound to dodecylphosphocholine micelles, which was determined with the techniques mentioned above. The figures and tables present new experimental and theoretical work on the conformation of the C-terminal segment 16-24 of melittin and its orientation relative to the micelle surface. This new data is discussed in the light of previously published results on the global features of the conformation of micelle-bound melittin (13) and on the spatial structures of monomeric and tetrameric melittin in aqueous solution (14, 15) .
Melittin is a polypeptide of 26 amino acid residues which constitutes -50% of the dry weight of bee venom. Melittin has a variety of effects on natural membranes including lysis ( 16) ; activation of exogenous or endogenous phospholipase A (17, 18) ; alterations in mitochondrial respiration (19) and adenylate cyclase activity (20) ; and specific changes in coupling of photosynthetic systems (21) . These effects of melittin appear to result from the ability of the polypeptide to alter lipid organization (e.g., 22, 23) , so that comparative studies of melittin in aqueous solution and in lipid-water interfaces are of particular interest with regard to the structural basis of its biological functions.
MATERIALS AND METHODS
The major, nonformylated component of Apis mellifera melittin (14, 16) was used. The synthesis and/or origin of fully deuterated dodecylphosphocholine (7) and the spin labels 5-doxylstearate, 12-doxylstearate, 16-doxylstearate and 1-oxyl-4-dodecylphospho-2,2,6,6-tetramethyl piperidine (12) as well as the preparation of the NMR samples (9, 11) were described previously. The composition of the samples is given in the figure captions.
Fourier transform 'H NMR spectroscopy at 360 MHz, truncated driven nuclear Overhauser enhancement (TOE) difference spectroscopy (24) , and two-dimensional (2D) nuclear Overhauser enhancement spectroscopy (NOESY) (25) were performed on a Bruker HX 360 spectrometer (Bruker Instruments, Inc., Billerica, MA) equipped with an Aspect 2000 computer. 13C NMR spectra at 25.1 MHz were recorded on a Varian XL 100 spectrometer (Varian Associates, Inc., Palo Alto, CA).
The distance geometry algorithm used for the structural interpretation of the NOE data, developed on the basis of a similar algorithm by Crippen et al. (26) , has recently been described in detail (11) . When preparing the input for the computer program from the NOE data we followed the procedures outlined in this earlier paper (11) .
RESULTS AND DISCUSSION

Selective 'H-'H Overhauser Effects
With the use of spin echo correlated spectroscopy (SEC-SY) (27) and a variety of one-dimensional 'H NMR experiments, 96 resonances corresponding to 150 of the 179 nonlabile hydrogens of melittin have been identified and assigned to amino acid types (13) . This included identification of the complete spin systems for 17 of the 26 residues of melittin and of portions of the spin systems for eight of the remaining nine residues (13) . Only the four spin systems of Gly-1, Ile-2, Ser-18 and Trp-19 were by these experiments assigned to specific positions (13) .
However, the uneven distribution of most amino acid types in the amino acid sequence of melittin, Gly-Ile-Gly-Ala-Val-Leu-Lys-Val-Leu-Thr-Thr-Gly-Leu-Pro- 5 10 Ala-Leu-Ile-Ser-Trp-Ile-Lys-Arg-Lys-Arg-Gln-Gln-NH2, 15 20 25 permitted us to demonstrate, with a recently described Arg-II 6CH2 *Obtained from TOE difference spectra recorded with a preirradiation time of 0.4 s' and/or from a NOESY spectrum recorded with a mixing time of 0.2 s (Figs. 1-3 ). Listed are those NOE's which were used as input for the distance geometry algorithm. Many of the NOE's listed can be observed in Figs. 2 and 3. Some NOE's, however, were only observed in TOE difference spectra, e.g. the NOE's with Lys I yCH, which were documented previously (Fig. 9 of [13] ), do not show up in the contour levels used for Fig. 1 since they give rise to rather broad lines (13 = 5.5 and T = 370C and the assignments for two resonance lines between which a NOE was observed. Roman numerals indicate arbitrary notations for spin systems which were not individually assigned (13) .
§These resonance assignments to individual residues or to amino acid types were obtained from the interpretation of the NMR data with the distance geometry algorithm (see text). application of TOE difference spectroscopy (10) , that the amino-terminal and the carboxy-terminal segments of the polypeptide constitute spatially distinct, compact domains in the conformation adopted by micelle-bound melittin (13) . To investigate the conformation of the C-terminal domain further, additional selective NOE's between protons of the polypeptide segment 16-24 have been measured (Table I ).
The data in Table I resulted from two-dimensional NOE spectroscopy (NOESY) (25) and from TOE difference spectra (24) . In the NOESY spectrum of Fig. 1 , peaks along the diagonal correspond to the normal, onedimensional spectrum. Pairs of cross peaks in symmetrical locations with respect to the diagonal indicate selective NOE's between diagonal resonance lines. Thus the spectral region w, = 6.5-8.0 ppm, co2 = 6.5-8.0 ppm, contains cross peaks corresponding to NOE's between different aromatic protons; the region 0.0-4.5 ppm, 6.5-8.0 ppm contains NOE's between aromatic and aliphatic protons; and the region 0.0-4.5 ppm, 0.0-4.5 ppm contains NOE's between different aliphatic protons. To clarify the analysis of the NOESY spectrum, in Figs. 2 and 3 , two regions are shown on an expanded scale and with inclusion of lower contour levels; the cross-peaks are assigned as described in the figure captions. Figs. 2 and 3 contain only a few cross-peaks between resonances which are well resolved along both the w, and W2 axes. Therefore many of the assignments given in these two figures were verified with one-dimensional TOE difference spectra recorded with a preirradiation time of 0.4 s with or without selective spin decoupling (29 between these residues and Ile- If in addition to the distance constraints imposed by the covalent structure all other interatomic distances in a polypeptide chain were known, the corresponding threedimensional structure could be generated by the presently used distance geometry algorithm (11, 26 (Table II) . To search for those assignments simultaneously compatible with the polypeptide covalent structure, the lower bounds to nonbonding distances imposed by the van der Waals radii of the atoms, and the NOE data (Table I) , the distance constraints from Table I were used as input for distance geometry calculations with the different possible assignments of Table II . Based on previous considerations (11), only upper bounds for the proton-proton distances were derived from the NOE data, i.e., in different calculations it was assumed that the distances between NOE-connected protons (Table I) were, respectively, < 5.OA or < 4.oA.
Qualitatively similar results were obtained with these two interpretations of the NOE's. In a first application of the distance geometry algorithm, individual assignments were obtained for the aprotons of and Lys-Il (21 or 23). For all the other residues in the segment [16] [17] [18] [19] [20] [21] [22] [23] [24] the aCH resonances had previously been identified (13 Table I resulted from evaluation of the NOE data in light of the three-dimensional structures for melittin [16] [17] [18] [19] [20] [21] [22] [23] [24] calculated for the eight individual assignments in Table II with all the NOE's in Table I (13) .
The distance-geometry algorithm was then used with the complete set of NOE constraints in Table I (Table I) indicated that the proton-proton distance was smaller than 4.OA, or smaller than 5.OA,
respectively. E, EV and NV are defined in the footnotes to Table III. bound for the distance between two protons of 4.OA or 5.OA (11) Table I are not sufficient to obtain by this method individual assignments for the two lysines and the two arginines in melittin 16-24. As was discussed in detail elsewhere (11), the threedimensional structures obtained from distance geometry calculations with bounds on proton-proton distances determined by NOE's correspond to individual species in the ensemble of molecular conformations that are compatible with the experiments. Common structural features for this ensemble of molecular conformations can therefore be delineated by inspection of a group of structures obtained in different computer runs from the same data set. Fig. 4 shows such a group of structures, calculated from the NOE data of Table I with the assumptions that the distances between NOE-connected protons were < 4.OA and that the resonance assignments A (Table II) prevailed. The principal common features of the structures a-d in Fig. 4 are two successive, irregular right-handed turns formed, respectively, by the backbone atoms of residues 16-20 and 20-24. The four structures resulted from runs one to four in Table IV . Table V shows that the root mean square distances between the different structures are of the order of 1.0 A. Similar right-handed turns FIGURE 4 Computer drawing of the four structures for micelle-bound melittin 16-24 which were obtained from the computer runs one to four in Table IV . Root mean square distances between these structures are given in Table V . Only the positions of the a-and a-carbon atoms are shown. All four structures were oriented in the same way: First, L 16, I 20 and K 21 were placed in a horizontal plane and then, to avoid overlapping of too many atoms, the structures were rotated by 100 about the horizontal axis through the centroid. can also be seen in the structures al and a2 of Fig. 5 , which resulted from additional computer runs with the same experimental data and resonance assignments A (Table II) .
Since the two lysines and two arginines in melittin [16] [17] [18] [19] [20] [21] [22] [23] [24] were not individually assigned, conformations calculated with the data of Table I for the different assignments A-D (Table II) were inspected for common features (Fig. 5) . In all eight conformations of Fig. 5 the backbone of residues [16] [17] [18] [19] [20] forms a right-handed turn similar to that in the structures of Fig. 4 . Although the conformation in the region of residues [21] [22] [23] [24] varies considerably with the different individual assignments A-D (Table II) of the lysine and arginine spin systems (Fig. 5) , a common pattern was observed for the spatial distribution of the positive charges on the arginine and lysine side chains (Fig. 6 ): all four positive charges lie roughly in a plane which makes an angle of -600-900, with the axis of the right-handed turn formed by residues [16] [17] [18] [19] [20] 
MELIrrIN
(b1) FIGURE 6 Computer drawings of the structure for micelle-bound melittin 16-24 which resulted from the computation 5' in Table IV , i.e., using assignment A (Table II) Fig. 4 ; presentation b was obtained by a 900 counterclockwise rotation about the vertical axis through the center of mass.
With the residues 4, 5, 7, 8, 10, 11, 15, and 19-26 relatively close to the micelle surface and the lack of evidence locating other residues further into the micelle interior (Table VI) , and further considering that the apolar interior of dodecylphosphocholine micelles has a thickness of , 25A (8) , it is unlikely that melittin penetrates through the micelle interior. Rather, it appears that extended portions of the N-terminal as well as the Cterminal domain of the melittin conformation (13) are near the micelle surface. This conclusion from the spin label data coincides with pH titration data which indicated that the amino groups of Gly-1 and of lysines 7, 21, and 23 were all at the micelle surface (13) . A more specific location and orientation can be given for residues [16] [17] [18] [19] [20] [21] [22] [23] [24] of micelle-bound melittin. The paramagnetic line-broadening effects indicate that the peripheral side chain protons of residues [21] [22] [23] [24] are approximately equidistant from the center of the micelle and near the level of the phosphate group of the detergent molecules in the dodecylphosphocholine micelles (Table VI) . From the calculated conformations (Fig. 6) , it then appears that the axis of the turn formed by residues 16-20 must lie roughly perpendicular to the micelle surface, with the backbone of residues [16] [17] [18] [19] [20] directed towards the micelle interior. The residues [16] [17] [18] [19] [20] would thus penetrate 6-8A into the apolar interior of the micelle. Because evidence was obtained that both the C-terminal and the N-terminal domains of melittin are near the micelle surface, the central region -Thr-10-Thr-1 1-Gly-12-Leu-13-Pro-14-must form a turn in the apolar micelle interior, causing a reversal of the backbone direction. In an extended form of the peptide segment melittin 10-14 the backbone and the side chains contain numerous polar groups, so that such an orientation of lipid-bound melittin might conceivably result in suffi- What are your ideas on the following possible problems with your method of determining a unique final structure? The first is that the distances obtained are the sixth root of the ensemble average of the r6 values which has the problem that in a flexible structure, it would unfairly weight a small percentage of close contacts. A second concern is the circularity in your approach in that you use four assigned resonances to obtain a structure. You use this structure to assign further resonances then reapply your algorithm to obtain a more refined structure. What are your feelings on the uniqueness of your final structure? Have you checked your results by, for instance, predicting an NOE and noting whether it is present or not?
L. BROWN: I will answer the second question first as it determines whether we are able to treat the two domains, the N-terminal and C-terminal regions, separately for the purpose of calculating structures.
We have information as to how many resonances must correspond to the amino-terminal end of the molecule and how many resonances must correspond to the carboxyl-terminal end of the molecule. If you look at the distribution of amino acid residues in melittin, there are distinguishing residues in each end. For example, all of the valines, glycines, and threonines are in the amino-terminal half of the amino acid sequence; two argines, the serine, the tryptophan, and the two glutamines are in the carboxyl-terminal half of the molecule. In the amino-terminal half, there are 85 hydrogen atoms. There are 26 resonances corresponding to 42
hydrogen atoms, that is, 50% of the hydrogen atoms, which we can unambiguously be sure are in the amino terminal region. It is much the same situation for the carboxyl-terminal region. There are 94 hydrogen atoms. We can identify 39 resonances corresponding to 55 hydrogen atoms which unambiguously correspond to the carboxylterminal half of the amino acid sequence. The argument is that we do not see any NOE's between those two groups. This statement may be dangerous if there are only a few resonances which are being considered. However, we observe a large proportion of the hydrogen atoms in each end of the molecule and we know that every residue except proline-14, which was not assigned, shows negative NOE. In this case, it is safe to conclude that the amino-terminal and carboxyl-terminal portions of the sequence are separate spatial domains. This conclusion was actually reached in a previous paper (Brown and Wfithrich, 1981 . Biochim. Biophys. Acta. 47:95 -111) and is discussed in more detail there. We have done not only this two-dimensional NOE experiment, in which the cross-relaxation time is quite short and we should only be seeing nearest neighbors without spin diffusion effects, but have also done experiments under conditions in which spin diffusion, if it were to occur, would be strong. Even here, we do not see any NOE's between the two halves of the molecule.
Your first question actually pertains to the distance geometry alogrithm. How can we take the spectral information and turn it into conformational information? It is important to say why we are worried about flexibility. There is considerable evidence that in both proteins and peptides (and a peptide bound to a micelle is no exception) there is a significant amount of internal flexibility. That means that whatever NMR parameter is measured is an average parameter. Therefore, in using NOE data to obtain molecular conformations, effects of temporal averaging on the experimental parameters must be taken into account. I emphasize that we have not attempted to measure exact or even average interatomic distances, but have instead estimated the largest interatomic distance which would lead to observable NOE under our experimental conditions, including the effects of temporal averaging (reference 1 1) . To ensure that the conformations obtained with the distance-geometry algorithm are physically meaningful, these upper-bound distances are chosen very conservatively. Provided that the upper-bound distances are physically realistic, the conformations obtained with the algorithm are not average structures, but are simply different structures which are simultaneously consistent with the covalent structure and the experimental data. The major advantage of using the distance-geometry (reference I 1) algorithm is that three-dimensional conformations can be calculated even with only a semi-quantitative interpretation of the experimental data.
In discussing the validity of the structures obtained by the present procedures, it is important to distinguish between the characteristics of the distance-geometry algorithm per se and the results obtained with a particular set of experimental data. If exact interatomic distances are known, the distance-geometry algorithm can reconstruct a three-dimensional conformation. For a molecule containing n atoms, this involves determination of 3 n coordinates. However, the n x n distance matrix contains (n2-n)/2 interatomic distances, which means that this matrix is highly redundant. One of the very attractive features of the distancegeometry algorithm is that because of this redundancy, 3-D conformations can still be determined even when the individual interatomic distances are known only approximately, e.g., as upper and lower bounds on interatomic distances. A striking example of this has been presented by Havel et al. (1980. Biopolymers. 18:73 -81) . For the residues of bovine pancreatic trypsin inhibitor or of carp myogen, they showed that the 3-D conformation observed in the crystal structure could be reconstructed by the distance-geometry algorithm, with a RMS distance deviation of 1 A or less, simply from a list of whether the residues were or were not within 10 A of one another. Thus, provided that a sufficient number of constraints are available, the distance-geometry algorithm can use simple yes-no criteria to calculate three-dimensional conformations.
GIERASCH: An individual NOE between two protons does not give any information on distances unless you know the proportion of relaxation that takes place through that proton. It would be necessary to do a triangulation of some sort. How is that built into your algorithm? L. BROWN: It is important to point out that the 2-D NOE experiment is measuring transient Overhauser effects between two individual resonances. At least for short mixing periods, the intensity of the off-diagonal peak in the 2-D NOE spectrum is directly proportional to the crossrelaxation rate between the two individual resonances (Braun et al. 1981 . Biochim. Biophys. Acta. 667:337 -396.). As you know, the magnitude of the cross-relaxation includes a frequency-dependent term. We can put a limit on the frequency-dependent term. We know that we are working in the negative NOE range. If there is internal motion, the magnitude of the negative NOE should be smaller than if we have a rigid body. This can be used to assign an upper limit to both the frequency and I /r6 terms (Braun etal., 1981 TERWILLIGER: Based on the structure you obtain for the C-terminal region, you should be able to predict between which sets of atoms you should observe a NOE. Do you make any predictions that are not observed? L. BROWN: In principle, that is correct, except that once you allow internal flexibility, it is difficult to assign a quantitative distance which requires observation of an NOE. However, the calculated structures do not contain any short distances where an NOE might have been expected. If I might extend your question slightly, what you are asking me is whether I have any independent checks of the structure. We have the following results that indicate that micelle-bound melittin has a welldefined conformation. Negative It should also be noted that any experimental data which can be interpreted in terms of bounds to interatomic distances can be used in the distance-geometry algorithm. In terms of NMR parameters, these could include spin-spin coupling constants, aromatic ring current shifts, or line broadening and shifting caused by paramagnetic species. In dealing with temporal averaging, inclusion of other types of data would have the advantage that other forms of dependence on interatomic distances are involved. Alternatively, these other types of data can be checked for consistency with the conformation obtained from NOE data. In the case of melittin 16 -24, so far we have measured only a small number of spin-spin coupling constants, but these couplings, as well as the aromatic ring current shifts from the indole ring of Trp-19, are qualitatively consistent with the conformations calculated from the NOE data.
TERWILLIGER: You present evidence that in your micellar system residues 16 -24 of melittin are in a generally helical arrangement with the axis of this helix roughly perpendicular to the micellar surface. You then conclude that since both the amino-and carboxyl-termini are near the micelle surface, the central five residues of melittin must form a turn in the micelle interior. As you point out, however, the thickness of the apolar region of this type of micelle is only -25 A. The length of a melittin monomer would be -40 A if it were a straight a-helix. Considering the relative dimensions of the micelle interior and the melittin molecule, I would like to suggest that a straight a-helix passing through the central region of the micelle would also be consistent with your results.
BROWN: I think it has been said several times here that micelles are highly dynamic systems. Whether the incorporation of a peptide of significant size leaves the micelle shape completely unchanged is not known. One might prefer to think that in these kinds of systems, the peptide is not necessarily conforming to the micelle but rather the micelle, being a highly dynamic structure, is conforming to the peptide. Your question really is, how good is our determination of location using spin labels and could we distinguish between the peptide having a turn or being linear? That is a lower-resolution experiment than the NOE experiment, which shows that the positive charges are distributed radially about the axis of the turn. The spatial resolution of the spin label experiment is described in the caption for Table II. In the interfacial region, radial distances relative to the micelle surface differing in 4 -5 A can be distinguished. Since the positive charges of the lysine and arginine side chains are separated by 10 A perpendicular to the turn axis, an arrangement of the peptide with the backbone parallel to the surface of the micelle does not appear compatible with our results. TERWILLIGER: In your paper, you do say that the four positive charges of the C-terminus are radially spread around the helix axis but you do not claim that they are 90" away. In fact, you say that the normal to the plane containing these charges is tilted 0 -300 from the helix axis. I think that my model would be a viable explanation of your data within the error of your experiment. L. BROWN: What you would like me to say at this point is that your amphipathic a-helix is a possibility. I am surprised how similar the results of the two studies are. I have no problem with the two different helical regions in your molecule or with a bend inbetween, but I do see difficulties with how you take your molecule out of the tetramer and put it on the membrane. I would prefer to take this up in your own paper's discussion.
EISENBERG: I would just like to echo what you have said about the similarity between your model and ours, considering that we have used such different techniques. I gather that the precision of your determination of distances from paramagnetic line broadening is better than 10 A, but poorer than 5 A.
L. BROWN: You can look at the way we divided the categories of the spin label effects in Table II , where we distinguish from the level of the phosphate out to the methylene of the head group. Outside that would be another category. Inside that for two or three carbon atoms would be a third. Consequently, the resolution of the locations are on the order of 5 A.
ENGELMAN: You have a redundancy in the information content of the measurement that you point out, the n x n matrix vs. 3n parameters, which means you have n 3 independent data sets. Is it possible to check for the internal consistency of a solution by using subsets of your data to see whether you converge to the same solution? L. BROWN: In fact, we did something like that for another reason. We had difficulties assigning complete spin systems of long side chains like lysine and isoleucine. We saw some a and f proton resonances which had to belong to the carboxyl-terminal portion of the molecule but we did not know to which of the two amino acids. We left them out at the beginning but still obtained similar structures (see text).
MARTIN: Perhaps the previous questions obscure the remarkable advances in the application of NMR spectroscopy to determination of conformation in small proteins that are described in your paper. The application of two-dimensional NMR techniques to reveal juxtaposition of side chains and the distance geometry algorithm are in the forefront of new techniques that promise to be highly useful in determination of conformation.
